As with room-temperature photoluminescence peak wavelength at 2.04 m were grown on InP substrate by solid-source molecular-beam epitaxy ͑MBE͒. In situ reflection high-energy electron diffraction was used to monitor the MBE growth. Double-crystal high-resolution x-ray diffraction and secondary ion mass spectrometry were utilized to characterize the samples and optimize the growth conditions. The roles of nitrogen and antimony atoms in the growth of quinary material, GaInNAsSb, were investigated.
I. INTRODUCTION
GaInNAs/GaAs has been extensively studied as a substitute material system for InGaAsP/InP in the pursuit of lower cost and more efficient lasers in optical communication. [1] [2] [3] There were several theories explaining the mechanisms of band-gap narrowing for nitrogen incorporation in GaAsN or GaInNAs. 4 -9 With additional antimony atoms incorporated in the active region, the crystal and optical quality of a dilute nitride layer can be significantly improved and the operating wavelength can be pushed further from 1.3 m to 1.55 m which covers the entire S -C -L bands of long-haul optical communications. 10, 11 Low-noise near-infrared photodetectors within the wavelength range of 2-2.5 m are of great interest to biosensing ͑e.g., noninvasive blood glucose analysis͒ and environmental gas detection. Since lead-salt detectors and extended InGaAs detectors have unsatisfactory dark-current performance at room temperature, integrated systems using other materials operating in this wavelength range with better performance are required. Integration of the photodetector, light source, and circuits on the same semiconductor substrate cannot only reduce the overall cost, but also increase the performance of the system response. Lattice-matched GaInNAs grown on an InP substrate has the potential to reach this wavelength region with the introduction of only several percent nitrogen. 12, 13 In this article, we report the growth of GaInNAsSb on an InP substrate by solid-source molecular-beam epitaxy ͑MBE͒ equipped with a nitrogen plasma source with a roomtemperature photoluminescence ͑PL͒ peak at 2.04 m. In situ reflective high-energy electron diffraction ͑RHEED͒ was used to observe the surface reconstruction and monitor the epitaxial layer growth. High-resolution x-ray diffraction ͑HRXRD͒, secondary ion mass spectroscopy ͑SIMS͒, and room-teperature PL were utilized to characterize the material quality and optimize the crystal growth condition. The correlation of indium atoms and nitrogen atoms during the growth of GaInNAs͑Sb͒ was analyzed by SIMS. Group-III growth rate dependent and antimony-enhanced nitrogen incorporation mechanisms were deduced from HRXRD measurement and SIMS analysis. After-growth annealing and room-temperature PL were investigated for InGaAs/ GaInNAs͑Sb͒/InGaAs samples.
II. EXPERIMENT
The samples were grown in a Varian Gen-II MBE system with indium and gallium SUMO cells from Applied Epi. By controlling the temperature of the tip and base zones of the cells, stable source flux are obtained so that during growth the lattice match condition can be maintained. The arsenic source was a precisely controlled needle-valve cracker with the sublimation region set to 390°C and the cracking zone set to 800°C. The antimony source was a nonvalved cell with two heating zones at idle temperature when not used. During epitaxial layer growth, the flux of arsenic was monitored by the needle-valve position, and the flux of antimony was controlled by the sublimation zone temperature ͑450-490°C͒ while the cracking zone temperature was 850°C. The nitrogen source is a modified SVT plasma source with the highest rf power of 300 W and ultraclean nitrogen gas flow up to 5 sccm.
The desorbing temperature of phosphorous from InP substrate is around 300°C, while the oxide layer on the surface remains untouched until InP decomposes at a temperature of around 500°C. 14 The oxide blowoff process varies based the substrate history and blowoff environment. 15 The substrate was first heated quickly to 300°C without arsenic overpressure. Then, in an arsenic overpressure environment, the substrate was heated to 350°C and ramped to 510°C with ramping rate of 20°C/min in an arsenic beam equivalent pressure ͑BEP͒ flux of 10 Ϫ6 Torr. After a 2ϫ4 surface reconstruction a͒ Author to whom correspondence should be addressed; electronic mail: junxian@stanford.edu is clearly recognized, the substrate was cooled to 370-390°C and lattice-matched In 0.53 Ga 0.47 As buffer layer was grown with a mismatch strain of less than 0.05%, followed by a GaInNAsSb layer growth. The structure of the samples grown in this study is shown in Fig. 1 . The capping layer, the cladding layer, and the buffer layer were lattice-matched In 0.53 Ga 0.47 As layers directly grown on InP substrate. The thickness of the thin layer of Ga 0.47 In 0.53 N x As 1ϪxϪy Sb y is between 20 nm and 50 nm. As shown in Fig. 1 , after the buffer layer growth, the transition layer of lattice-matched InGaAs was grown with substrate temperature gradually cooled down to 370-390°C and the nitrogen plasma was ignited 10-15 min before the growth of the single quantum well ͑SQW͒ layer. The use of a transition layer can reduce nonradiative defects in the SQW layer when the substrate temperature changes during the growth of the cladding layer and SQW layer. The background N level at a growth rate of 0.5 m/h was around 0.15%. During the growth of the SQW layer, N and Sb shutters were opened and 20-50 nm InGaAsNSb layers were grown. A capping layer of a lattice-matched InGaAs layer was grown on the top of the SQW layer.
III. RESULTS AND DISCUSSION
In this study, three samples were grown and studied. For sample 1, the indium source had a BEP flux of 1.42 ϫ10 Ϫ7 Torr ͑corresponding to a growth rate of 0.167 m/h͒; the gallium source had a BEP flux of 8.80ϫ10
Ϫ8 Torr ͑growth rate of 0.148 m/h͒; the antimony BEP flux was 5.88ϫ10
Ϫ8 Torr and the arsenic BEP flux 3.5ϫ10 Ϫ6 Torr; the thickness of GaInNAsSb layer ͑group-III dependent only͒ was 50 nm and the cladding and capping layer thicknesses were 150 nm. For samples 2 and 3, the BEP flux was 2.20ϫ10 Ϫ7 Torr ͑growth rate of 0.257 m/h͒ for indium source and 1.36ϫ10
Ϫ7 Torr ͑growth rate of 0.228 m/h͒ for the gallium source; the antimony BEP flux was 7.68 ϫ10 Ϫ8 Torr and the arsenic BEP flux 5.4ϫ10 Ϫ6 Torr; the thicknesses of both GaInNAs ͑sample 2͒ and GaInNAsSb ͑sample 3͒ layers were 20 nm and the cladding and capping layer thicknesses were 80 nm. The nitrogen flow ͑10% of 5 sccm͒ and the rf power ͑300 W͒ were kept the same for all three samples. The ratio of BEP͑As͒/BEP͑InϩGa͒ was between 15 and 20.
A. N and Sb composition analysis
Although the solubility of nitrogen atoms in semiconductor bulk materials was theoretically expected to be very low, Tu and co-workers 16 found that up to 14.8% N can be incorporated in GaAsN layers without phase segregation. Due to the different bond strength of InNAs and GaNAs, phase separation was expected for a high nitrogen concentration or unoptimized growth conditions. To avoid phase separation, a low growth temperature to provide metastable growth has to be used for nitride layers. The growth temperature unfortunately forms extra defects that can be significantly reduced by after-growth annealing ͑discussed later͒. Nitride layers with a relatively high concentration of nitrogen can be grown using a lower growth rate.
HRXRD simulation of sample 1 ͑Fig. 2͒ and SIMS analysis ͑Fig. 3͒ show that up to 3.5% N and 3% Sb can be incorporated into the nearly lattice-matched InGaAs layers to form a 50 nm Ga 0.47 In 0.53 N 0.035 As 0.935 Sb 0.03 layer, which has a tensile strain of 0.9%. No evidence of phase separation ͑GaN, InN, GaAs, InAs, GaSb, or InSb͒ can be found in the wider omega scan ͑not shown͒ in the HRXRD measurement.
It has been found that the N composition ͑N%͒ is reciprocally proportional to the growth rate ͑g, in m/h͒ of group III ͑InϩGa͒ for MBE growth of GaInNAs on GaAs, 17 
N%ϭ
A gr In ϩgr Ga . ͑1͒
A best fit of different samples with various growth conditions leads to a nitrogen incorporation factor Aϳ1.0. It is well known that antimony atoms act as a surfactant when they were added to a GaInNAs layer growth to form a layer of GaInNAsSb. These layers have smoother surfaces, fewer defects, and better crystalline and optical quality than GaInNAs layers. 18 During the growth of samples 2 and 3, the RHEED pattern shows that nitrogen atoms roughen the layer surface while additional antimony atoms make the layer surface smoother. HRXRD measurements of samples 2 and 3 show that pendellosung fringes can be clearly recognized away from the peak position ͑Fig. 4͒, verifying that antimony atoms incorporated into the thin SQW layer improved the crystalline quality. In addition, antimony atoms partially compensate for the strain induced by the nitrogen atoms ͑Fig. 4͒ in the quinary. According to Vegaard's law, the lattice-match condition for Ga 0.47 In 0.53 N x As 1ϪxϪy Sb y / In 0.53 Ga 0.47 As is that x:y equals to 1:2.56. Another role that antimony atoms play in the GaInNAsSb on GaAs layers is that they increase the nitrogen incorporation. 19, 20 As shown in Fig. 5 , with about 3% Sb in the GaInNAsSb layer, the N concentration increases from 1.6% ͑sample 2͒ to 2.1% ͑sample 3͒. Comparing the results of sample 1 with those of samples 2 and 3, we find that the relationship between the N concentration and group-III growth rate holds precisely for GaInNAs͑Sb͒ growth on InP with one additional factor C Sb ,
A•C Sb gr In ϩgr Ga . ͑2͒
The nitrogen incorporation factor for GaInNAs growth on InP is Aϳ0.8 and the antimony enhanced factor with Sb concentration of 3.0% C Sb ϭ1.3. It was found that the nitrogen composition was independent on indium composition during the MBE growth of GaInNAs layers on a GaAs substrate with In less than 30%. 20 However, in the metalorganic vapor phase epitaxy growth of GaInNAs on GaAs, 21 it was found that the indium segregation on the surface changes the surface reconstruction and affects the nitrogen incorporation during the growth. In Fig. 3 , the SIMS analysis of sample 1 shows that the indium composition changes in the GaInNAs layer, as well as in the GaInNAsSb layer, compared with the composition in the lattice-matched buffer and cladding layers ͑see Fig. 6͒ . From the SIMS raw data of analysis, the indium ion count decreased by a certain amount ͑3.5% in sample 1, 1.5% in sample 2, and 2.1% in sample 3͒ while no corresponding increase is observed for gallium atoms. Since the indium and gallium source temperatures were precisely controlled not to change during all the layer growths, there must be some intercorrelation of N and In atoms either during the layer growth of GaInNAs͑Sb͒ on InP substrate or in the SIMS analysis. Such an effect should be expected in the growth of GaInNAs͑Sb͒ on GaAs substrate. The cladding layers are either GaAs or GaAsN, thus there is no continuous indium reference. The change of indium concentration is so small that such an effect might have been just overlooked in the past. Moreover, it was unlikely that the ion counting of nitrogen atoms and indium atoms in SIMS were correlated. Therefore, one of the explanations is that nitrogen atoms randomly incorporated in the unit cell of InGaAs statistically change the shape ͑a mixed state of zinc-blende and wurtzite cell͒ and the composition of the unit cells. Further theoretical work is needed to investigate the effect of nitrogen atoms on indium atoms during the growth. The low temperature used in the growth of GaInNAs͑Sb͒ introduced extra defects in the layer even with the help of surfactant antimony atoms. After-growth annealing was found to be able to reduce the nonradiative defects formed during nitride layer growth. 22 The samples were annealed by rapid thermal annealing with a maximum temperature ramping rate of 200°C/s. The optimized annealing condition of GaInNAs͑Sb͒ SQW samples was found to be between 680°C and 720°C for 1 to 10 min.
A luminescence wavelength blueshift of annealed GaInNAs samples was observed similar to that for GaInNAs and GaInNAsSb on GaAs. 21 This has been both experimentally and theoretically explained by nearest nitrogen neighbors change in GaInNAs/GaAs. 23 But for GaInNAsSb/InP samples, the PL blueshifts under different annealing conditions are not as severe as those of GaInNAs/GaAs samples. One of the possible reasons is that additional antimony atoms in GaInNAsSb/InP reduce the strain compared to increasing the strain in the already hightly compressively strained GaInNAsSb QWs on GaAs. This could reduce the driving force for the nearest nitrogen neighbors of GaInNAs samples during annealing. As shown in Fig. 6 , the room-temperature PL of sample 3 has a peak wavelength at 2.04 m ͑correspond-ing to a band-gap energy of 0.6 eV͒.
IV. SUMMARY
In summary, InGaAs/GaInNAsSb/InGaAs SQWs with good crystalline and optical qualities have been grown on InP substrates. In situ RHEED patterns show that antimony acts as a surfactant when nitrogen is added in MBE growth. HRXRD measurements show that tensile strained GaInNAsSb layers can be grown on lattice-matched InGaAs buffer layers on InP substrates. The nitrogen and antimony compositions are calibrated using HRXRD and SIMS profiling, which show that nitrogen composition is reciprocally proportional to the growth rate of group III ͑indium and gallium͒ and that antimony enhances the nitrogen incorporation rate. SIMS analysis also shows that the nitrogen and indium compositions are correlated in the layer growth of GaInNAs͑Sb͒. Rapid thermal annealing reduces the nonradiative defects formed during low-temperature growth of nitride layer. There is less of a blueshift of GaInNAsSb luminescence peak wavelength after annealing compared to similar but most highly strained quinary alloys grown on GaAs. Room-temperature PL was obtained for InGaAs/GaInN 0.021 As 0.949 Sb 0.03 /InGaAs SQW with PL peak wavelength at 2.04 m. The growth of long wavelength material on InP substrate is very useful in developing bio-and chemical gas sensing devices.
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